Joint acceleration feedback control is employed to damp oscillations during the contact transition with non-zero approaching speed. A classical integral force controller is refined by means of joint acceleration and velocity feedback This intends to achieve a stable contact transition without need of adiusting the controller parameters adaptive to the unknown or changing environments. Extensive experiments are conducted on the third joint of a three-link direct-drive robot to veri& the proposed scheme for various stiffness of the contacted environments, including elastic (sponge), less elastic (hardboard) and hard (steel plate) surfaces. Results are compared with those experimental ones by the transition control with on& velocity feedback damping. The advantages offered by our approach are addressed.
Introduction
The problem of controlling robots in contact with objects is of central importance in many applications, where the interaction forces must be accommodated rather than suppressed to comply with the environmental constraints. Contact transition control has to be considered, especially when the approaching velocity does not vanish. Discontinuous approaches [l, 2, 3, 41 and impedance methods [5, 6, 7, 81 have been proposed to deal with the contact instability problems and tackle events of contact loss and trajectory tracking. YoucefToumi and Guts [9] , on the other hand, developed a dimensionless representation of impact behavior and used integral force compensation with velocity feedback to improve impact response, and Khatib and Burdick [lo] presented a method for dissipating impact oscillations by increasing the velocity gains of a proportional-derivative force controller. Qian proposed an input command pre-shaping method by modifying feedforward information to minimize the contact oscillations.
The above proposed control laws succeeded in stabilizing impact event with respect to specific environments. However, these algorithms are dependent on environment dynamics and require the environment to be accurately modelled. Hence, the parameters in these control laws have to be redesigned if the contacted environment differs. For dealing with uncertainties in different task environments, Vukobratovic[ 141 introduced environmental dynamics into a dynamically interactive control. Weng and Young[lS] proposed an adaptive fuzzy law for transition control based on the identification of the contacted environment. But when the environment is stiff, such identification is impossible to be completed because the time interval between the impact occurring and the contact force reaching its desired value is very short.
It is essential for many industrial tasks that the robot must keep contact with environment and hold continuous dynamics during the contact transition. This requires the initial kinetic energy to be dissipated shortly enough when there exists non-zero approaching speed. Velocity feedback was used to consume the energy and stabilize the contact transition theoretically [9, 10] . However, in practice, especially when the environment is less elastic, this approach is little effective due to the limited bandwidth of velocity closed-loop. To remedy this problem in hard contact, a joint acceleration feedback control is proposed in this paper, since it has a bandwidth wide enough in response to the rapid change of force. In this control scheme, a classical integral force controller is refined by means of joint acceleration and velocity feedback. This intends to achieve a stable contact transition without adjusting the parameters of controller to adapt to 0-7803-51 80-0-5/99 $10.00 0 1999 IEEE the unknown or various environments. In this paper, the proposed scheme is discussed in the joint space as the joint acceleration feedback control to speed a joint actuator dissipate initial energy when a contact is established. Extensive experiments are conducted on the third joint of a three-link direct-drive robot to verify the proposed scheme for various stiffness of the contacted environments, including elastic (sponge), less elastic (hardboard) and hard (steel plate) surfaces. Results are compared with those experimental ones by the transition control with only velocity feedback damping.
The organization of the paper is as follows. The force control scheme refined by joint acceleration feedback is analyzed in section 2. Experimental implementation scheme is introduced in section 3. Experimental results are presented in section 4, together with a thorough comparative discussion. Section 5 concludes the work presented in the paper.
Contact Transition with Acceleration Feedback Damping
velocity feedback gain, and q is the variable of the tested joint. The control law (2) is active as soon as contact occurs, i.e.Q-0, and will be maintained as long as the controller receives an exit command. Under such a control, the system energy is governed by:
2 2 where J is the inertia of the joint, qo is the approaching speed, namely, the angular velocity when the tip at the point x=O, I is the distance between the joint axis and the tip of force sensor. Substituting (2) into (3) yields 1 1
where: E h = ku2+kukvx2 12
Equation (4) and (5) demonstrate that the will be consumed by the acceleration feedback control, i.e. Eh. (1)
where ke and Be represent the stiffness and damping factor of the environment in contact, respectively; the variable x represents the displacement of the environment surface, and hence, x>O and xI0 imply that the environment displaces and is stationary, respectively. It can be seen from (1) that the reactive dynamics is discontinuous at the point x=O if the approaching speed does not vanish. This initial kinetic energy has to be dissipated before a stable contact being established. If the active force control law failed to absorb this initial energy efficiently, oscillations, even instability will occur during the contact transition. And these oscillations will closely relate with the dynamics of the contact environment, i.e.,
Be and Ke
In order to achieve a stable contact transition without need of adjusting the controller parameters adaptive to the unknown or changing environment, we propose to refine the classical integral force control algorithm by means of acceleration feedback damping. The proposed control law can be described as: (2) where q is the joint input torque, fd is desired contact force, kfis the integral gain of force control, ka is the integral gain of acceleration feedback control, k, , is the 
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As for a actual controller, both k, and kv have to be frequency-weighted in order to reject the high-frequency uncertainties in the sensed information. But we have demonstrated by experiments in [16] that the bandwidth of acceleration feedback control is much higher than that of velocity one, i.e., where wca and w , are the bandwidth of ka(jw) and kvC;w) respectively. Suppose the frequency of oscillations during a contact transition is m,., which is determined by the characteristics of the contact surface, the suppression of Eh on these oscillations can be described as:
where /ku(jwr)l and Ikv(jw,)Iare the gains of acceleration and velocity feedback control at the frequency q . , respectively. Thus, we have,
Eh(wt-1 =Iku(Jw,)Ii+lk,(Jwr)IIkv(jw,)lx2 12 (7)
Ik, (jw, ) I ; +Ik, (iw, >Ilku (jw, )In2 / 2 when w, Iw, (Sa) when w, < w, < w, (Sb)
Equation (8) shows that for each contact transition with non-zero approaching speed, the gains of Ik,(jw,)l and IkV (jw, )I larger, the magnitude of oscillations smaller.
Moreover, Equation (Sa) reveals that the damper Eh will be much effective to suppress the oscillations satisfying q < w c v due to acceleration feedback control. And we can concluded from (8b) that the acceleration feedback control makes the damper keep active within much larger range of environment variety than that of only velocity feedback control, which is due to the fact ofw, >> w, . (2), the third joint/link of a three-link direct drive manipulator (see Fig.2 ) is adopted. The robot consists of three revolute joints, each of which is actuated independently by a DC-torque motor, and equipped with a current sensor, a tachometer and an encoder. Moreover, a force sensor and two linear accelerometers are implemented on link-3 to perform the experiments in this paper, in which only the third joint is involved and the other two joints are located to the configuration in Fg.2.
Joint Acceleration Sensing
Two linear accelerometers, which have the different locations but the same sensitive direction on link-3, are used to measure the acceleration of joint-3 and cancel the acceleration due to gravity. Because the basement of joint-3 is static, we have (see Fig.3 
):
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(9)
where Outai is the output of accelerometer-i, li is the distance between the axis of joint3 and accelerometer-i, Ti is the sensitive direction of accelerometer-i (i=1,2), 
Experimental Implementation of the Proposed Scheme
The structure like Fig.4 is implemented as the controller of the tested joint, where GNS), Ga(S) and Gv(S) are the force, acceleration and velocity feedback control law, fd and qd are the desired contact force and approaching speed, Ouyand Out,, are the outputs of the force sensor and the tachometer on joindlink-3, K,, K2 and K, are controllable switches, G,(S) is transfer function from input torque to the accelerometer output as long as the tested joint in free motion phase or to the force sensor output as soon as the tip contacts with the environment. The difference between the two accelerometer outputs, i.e., O~tal-O~ta2, is used as the joint acceleration feedback, and the constant l/(l,-Id in (11) 
is combined with the gain of Ga(S).
In our experiments, Ga(S) is selected as:
(12) 605.9 G'
It should be noted that the first-order-lag operator 1/(1+S/30) is used instead of 1/S to avoid the saturation caused by the offset of the accelerometers, and such an operator is almost the same with an pure integrator, especially to those high-frequency oscillations.
The operator 1 / (1 + S / 2 19) is used to further reject the high-frequency uncertainties in the sensed Gv(S), on the other hand, is designed as acceleration.
G, (S) = 4100/ (S + 75) (13) instead of a proportional gain to cope with the uncertainties included in the measured velocity. And the gain of (1 3) has been increased as much as possible while the excitement of uncertainties is avoided. The algorithms of (12) and (13) are implemented as an analogue controller and the stability and effectiveness of such a scheme in free motion phase have been experimentally demonstrated in [16] . The force control law is experimentally selected as :
which is build on a Pentium 100 personal computer of a sampling rate of 1 KHz. 
Comparative Study
In order to demonstrate the improvements benefited fiom the proposed scheme, extensive experiments are conducted. The experimental results in this section consist mainly of (a) contact transition without any active damping, (b) contact transition with only velocity feedback damping, and (c) contact transition with both acceleration and velocity feedback damping.
Contact Transition without any Active Damping
The experimental structure is like Fig.4 . At the beginning of each experiment (totally three experiments are conducted with three different contact surfaces), K,, K2 are open and K3 is closed, namely, the tested joint is initially under velocity tracking stage with only the velocity feedback control is active, and the tip of tlie force sensor is moved apart from the surface. Then, joint-3 is controlled to move towards the surface by setting the approaching speed as:
(15) qd = 36" I second The resultant linear velocity of (15) at the tip of the force sensor is about 0.19m/s, which comes from the fact that the distance between the joint axis and the tip is 0.3 Im. Once the sensed force satisfies
OUtf > E (16) where E is selected as 0.15kg in our experiments, the desired velocity q d is set to zero, K, and K3 are open, and K, is closed, namely, there is only the integral force control is active during the contact transition. This mode will be maintained as long as the controller receives an exit command. (c) shows the desired force, output of force sensor and force tracking error during the contact transition, with respect to the elastic, less elastic and hard environment respectively. We can see from Fig.S(a) that the contact transition with the elastic surface is unstable, and the frequency of oscillations has been measured as 14.9Hz. For the less elastic and hard surfaces, the contact transitions are eventually stabilized, as shown in Fig. 5(b) and (c), but there still exist oscillations of high frequencies of about 73Hz and lOOHz in the initial phase of transition. These results reveal that the contact transition under the integral force control without any active damping is closely related with the contact environment.
Contact Transition with Only Velocity Feedback Damping
The structure of this experiments is also like Fig.4 , while Gv(S) and GXS) are designed as (13) and (14) respectively, and the approaching speed is planned as (1 5). The contact surfaces are same with those in section 4.1. During free motion phase, K3 is closed and K1 and K2 are open. Once (16) is satisfied, qd is set to zero while K, and K, are closed, and K2 is still open, i.e., there exists velocity feedback damping during the contact transition besides the integral force control. Moreover, the velocity control law G,(S) keep same between the two stages. Fig.6 shows the experimental results.
Comparing Fig.6(a) with Fig.5 (a) demonstrates that the velocity feedback control can damp low-frequency oscillations significantly and lead to a stable transition when the robot is in contact with the elastic environment. However, it has little effect on the attenuation of highfrequency oscillations in the contact transition of less elastic environment due to its limited bandwidth, which can be seen through the comparisons between 
Contact Transition with Both Acceleration and Velocity Feedback Damping
The same experiments are conducted with both acceleration and velocity feedback damping. During the free motion phase, K2 is closed and K1 and K3 are open, namely the velocity tracking control is enhanced by acceleration feedback compensation. The acceleration control law is designed as (12). Once (16) is satisfied, qdis set to zero, K, and K2 are closed, and K3 is open.
Thus the contact transition is under integral force control with both acceleration and velocity feedback damping. Fig.7 shows the experimental results. Comparison between Fig.7 and Fig.6 demonstrates the improvements of acceleration feedback control clearly. Not only the low frequency oscillations in the elastic and less elastic contact transitions are damped out, but also the relatively high-frequency oscillations in the hard contact transition are also reduced substantially by the proposed acceleration feedback control. It can be concluded from these experimental results that the joint acceleration feedback control succeeds in enhancing the simple integral force control law robust enough to achieve nearly similar performance within a large range of environment variety.
CONCLUSION
The classical integral force control scheme has been refined for controlling the contact transition by means of joint acceleration and velocity feedback control. Such a feedback control acts as a robust damper to compress contact oscillations. This paper reveals that the instabilities during contact transition are dominated by the characteristics of contact surface, and the limited bandwidth of an active damper can been seen as the critical reason for poor robustness of a classical integral force control, which leads to impact oscillations when contact surface varies. It has been shown by experimental comparison that the joint acceleration feedback control, due to its much higher bandwidth than that of velocity feedback, can damp out the oscillations in the contact transition under varying environments of different stiffness, especially when the approaching speed does not vanish. The proposed scheme is shown to be very promising of robustness, stability and adaptability. . . , . 
